Introduction
Atomic electrons subject to intense laser fields can absorb many photons, leading either to multiphoton ionization or the emission of a single, energetic photon which can be a high multiple of the laser frequency . The latter process, high-order harmonic generation, has been observed experimentally using a range of laser wavelengths and intensities over the past several years.1,2 Harmonic generation spectra have a generic form : a steep decline for the low order harmonics, followed by a plateau extending to high harmonic order, and finally an abrupt cutoff beyond which no harmonics are discernible. During the plateau the harmonic production is a very weak function of the process order. Harmonic generation is a promising source of coherent, tunable radiation in the XUV to soft X-ray range which could have a variety of scientific and pos sibly technological applications. Its conversion from an interesting multiphoton phenomenon to a useful laboratory radiation source requires a complete understanding of both its microscopic and macroscopic aspects. By "microscopic" we mean the response a single atom to a pulse of inten se laser radiation, while "macroscopic" refers to the spatial and temporal characteristics of the emitted radiation as it propagates through the nonlinear medium in which it is produced. In this article we focus on the response of a single atom to an intense, short pulse laser. The macroscopic aspects of harmonic generation are treated in detail elsewhere in this volume.3
The most detailed experimental studies of harmonic generation to date used Ium, 36 psec laser pulses and rare gas atoms at a pressure of -15 torr.f The intensity was close to the saturation intensity for the neutral atom, a few times 10 13 W/cm 2 . The maximum harmonic observed ranges from 21st in xenon to the 33rd in argon. (An earlier study by McPherson, et aI.5 observed 17th harmonic of a KrF laser (248 nm) in neon at a saturation intensity of-5x10 15 W/cm 2 .) Recently, short-pulse experiments by several groups have observed highorder harmonic generation in the rare gases at intensities well above the saturation intensity for the atom and several of its ionization stages. These experiments have dramatically expanded the range of harmonic generation, converting photons with energies of 1-5 eV to over 150 eV. L'Huillier and Balcou observed the 125th harmonic of 1064 nm in neon and helium,6 Macklin, et al. the l l lth harmonic of 806 nm in neon.? Miyazaki and Sakai the 41st of 616 nm in helium,S Crane, et al . the 45th harmonic of 527 nm in helium.f and Sarukura, et al. have observed the 25th harmonic of 248 nm in neon and helium. 1O Since ionized electrons cannot contribute to harmonic production unless their motion becomes relativistic, these experiments are probing the limits of harmonic generation from neutral atoms. They also raise the question of whether the ions formed during the leading edge of the laser pulse can also contribute to harmonic generation.
In this paper we present some recent results on the response of single atoms at intensities relevant to the short pulse experiments discussed above. The calculations employ time-dependent methods, which we briefly review in the next section. Following that we discuss the behavior of the harmonics as a function of laser intensity. Two features are notable: the slow scaling of the harmonic intensities with laser intensity, and the rapid variation in the phase of the individual harmonics with respect to harmonic order. We then give a simple empirical formula that predicts the extent of the plateau for a given ionization potential, wavelength and intensity. The formula is widely applicable and has recently received experimental confirmation.s-? We also discuss a simple classical argument for the size of the cutoff. Following a brief discussion of the connection between harmonic generation and above threshold ionization, we close by commenting on the likelihood that recent experiments have observed harmonic generation from ions.
Numerical Methods
In this section we briefly sketch the numerical methods used to obtain the response of a single atom to an intense laser. Considerably more details can be found in the references. ll , 12 Given that the laser field strengths achievable in current short pulse experiments can match or exceed the intra-atomic forces, we need a formalism which can handle these interactions on an equal footing. During the past few years we have developed such an intense field theory. It involves the explicit solution of the time-dependent Schrodinger equation for the atom in the pulsed field. Because the field is extremely strong, it can be represented by a classical oscillating electric field, so that the resulting equation to be solved is given by i d'P~;,t) = in, + /(t)z Em.. sin(wt)}'P(r,t) (I) where H o is the atomic Hamiltonian which includes the kinetic energies and the Coulombic interactions. The atom-field interaction term corresponds to a linearly polarized laser field with an slowly varying envelope given by fit). This is an initial value problem with the fieldfree ground state of the atom being the solution at t =O.
For one electron atoms or model one-electron potentials we solve Eq. 1 exactly on a numerical grid. For multi-electron atoms this is not possible using present computational capabilities for the optical wavelengths and high intensities of interest here. However, we have demonstrated that a sufficiently accurate solution for the rare gases can be obtained using a single-active-electron (SAE) model. 13 In this approximation simultaneous, multiple excitations of the atomic electrons are neglected . We separately determine the response to the driving field of each valence-shell electron in the potential generated by the nuclear attraction and the remaining electrons, frozen in their initial orbitals. This results in solving an equation similar to Eq . 1 but with an appropriate single-particle effective potential for the orbital of each "active" electron. From the evolution of the time-dependent orbitals we can extract the rates and strengths of the desired electron and photon emission processes.
We determine the value of the time-dependent electronic orbitals on a grid of points defined in either a cylindrical or spherical coordinate system. The linear polarization of the
